Carbonaceous material (CM) is thought to be a key reductant contributing to the formation of large Au deposits, but there has been much speculation about its source, molecular composition and reactivity. The first successful analytical retrieval of organic compounds from a thermally over-mature (> 550°C) Paleoproterozoic CosmoHowley Orogenic Au deposit was recently achieved by Robert et al. (2016) . Here, we have evaluated the nature of the CM associated with this high temperature Au mineralisation via an integrated analytical approach which combined high-resolution in situ laser Raman spectroscopy, micro to nano-scale imaging (e.g., EELS, HAADF-STEM, and HRTEM) and molecular and isotopic geochemistry. We identified two distinct CM types: CM ker -an ubiquitous highly graphitic kerogen typical of high-grade metamorphic conditions formed by regional metamorphism; and CM fd -small sub-microscopic inclusion-like nodules of highly disordered carbon rich in polycyclic aromatic hydrocarbons (PAHs), coincident within the Au-bearing sulfide minerals in hydrothermal vein regions. The paragenetic emplacement and molecular characteristics of CM fd suggests a formation by metasomatic processes and introduction by a hydrothermal fluid which might also have co-transported Au. CM ker and CM fd gave different Raman spectra indicative of their contrasting origin and structural response to regional and contact metamorphic history and subsequent metasomatism of the Cosmo-Howley deposit. Raman signals indicated CM ker had a graphitic like structure whereas CM fd comprised high concentrations or clusters of PAHs. The broad range of Raman spectra detected here (and by others in similar studies) was likely due to the mixed signals of these two types of CM. The δ 13 C values of PAH products released via the HyPy treatment of the parent and sequentially demineralised kerogen fractions were measured to be in the range of −20 to −30‰, indicative of an organic biopolymeric origin. The δ 13 C values of PAHs products decreased with demineralisation, concomitant with an increase in their concentrations and affinity to the sulfide-minerals (and associated CM fd ) suggesting a close relationship. The localised (within 20 mm) co-occurrence of different CM types and apparent abundance correlation of CM fd with Au and sulfides suggests Au mineralisation might be supported by specific CM types, and these relationships should be evaluated further including on a wider Au deposit scale.
Introduction
Orogenic type Au deposits are commonly associated with carbonaceous sediments suggesting carbon materials may be an important factor in key Au mineralisation processes. Many orogenic gold deposits and indeed Au-bearing fluids occur in Proterozoic terranes with predominantly carbonaceous shales or sedimentary host rocks (Goldfarb et al., 2001; Groves et al., 2003) . An important general role may be the carbon reduction of ore-forming fluids. The reductive capacity of carbon-rich beds have been implicated in high temperature Au mineralisation of Cosmopolitan (Cosmo) -Howley Au deposits from the Pine Creek Orogen (PCO) (Matthäi et al., 1995a,b; Matthäi and Henley, 1996) . In the PCO alone, there are over 250 Au mineral occurrences with a total Au resource of 9 Moz, and an even larger number of non-Au mineral occurrences (Ahmad and Hollis, 2013; Hollis and Wygralak, 2012; Wygralak et al., 2005) . Several studies of orogenic gold deposits have proposed that carbonaceous material (CM) may be directly involved in Au metallogenesis including by preferential precipitation of Au in carbonaceous rocks via reduction of ore-bearing fluid at vein margins (e.g., Abitibi Belt, Ontario-Quebec and Northern British Columbia and Canada respectively; Springer, 1985) . Gold and sulfide precipitate during reduction of the fluid by hydrothermal graphite has been interpreted in the Otago Schist, New Zealand (Craw et al., 1999) suggesting that hydrothermal mobilisation and concentration of graphite may be a necessary precursor to the later more restricted gold mineralisation (Henne and Craw, 2012) . A strong association of Au and hydrothermal graphite is known (e.g., Dissanayake, 1993) .
Several different types of CM have been reported in orogenic type Au deposits. Recent Raman and petrographic analysis identified four different types of CM within the Macraes gold field of the Otago Schist (Hu et al., 2015) . The prehnite-pumpellyite to lower greenschist metamorphic grade samples showed: (1) a low-maturity CM coexisting with framboidal Au-enriched pyrite, indicating an in situ sedimentary origin, with a potential association to the source of gold; (2) low crystallinity CM found in low metamorphic grade samples likely to have been deposited from fluids unrelated to gold mobilization; (3) highest maturity CM found in lower greenschist facies rocks, where the CM bands cross cutting the foliation are thought to have been transported by fluids and; (4) CM with slightly lesser maturity than 3 found in mineralised rocks in association with sulfide minerals and gold likely to have a common hydrothermal origin (Hu et al., 2015) . The average value of the laser Raman signal ratio R1 (intensity D1/G signals) for CM Types 1-4 show increasing values of ∼0.89, ∼1.03, ∼1.20 and ∼1.53 coincident with their increasing thermal maturity. This was surprising since lower R1 values are expected for very high maturity or metamorphic CM (Beyssac et al., 2002) . CM associated with hydrothermal fluids (detected as small veinlets in hydrothermally altered rocks and in quartz veins or irregular accumulations parallel or sub-parallel to Ctype cleavage within the shear zones) was also distinguished from metamorphosed CM in a detailed geochemical study of several large West African Au deposits (Kříbek et al., 2015) . The metamorphosed CM of these deposits was furthermore inferred to contain significant biogenically derived organic component on the basis of light δ
13
C org values (−33.1 to −26.2‰, VPDB).
Organic matter (OM) may potentially share a large number of intimate relationships with Au during its transportation, accumulation or deposition (e.g., redox or catalytic reactions, solubility changing complexations, co-transportation in hydrothermal fluids or co-accumulation in porous rocks; Gize, 2000; Greenwood et al., 2013) . Au has quite unusual organo-metallic properties (i.e., distinct from fellow group 1b elements Cu and Ag) including a competence for low redox state complexation with OM (Gize, 2000) . As a soft Lewis acid it can complex with easily polarizable ligands (e.g., low molecular-weight organic acids or thiosulfides) and these interactions have long been proposed to aid the transformation and precipitation of certain Au minerals (Fetzer, 1946 (Fetzer, , 1934 Freise, 1931; Gregoire, 1985; Parnell and McCready, 2000; Seward, 1973) . Colloidal or other protective organic layers around Au can also assist its subsurface mobility and transportation (Gatellier and Disnar, 1989) . Therefore, the identification and understanding of specific organic-Au interactions may even assist Au-exploration strategies.
We recently reported preliminary Laser Raman (LR) data that distinguished two different types of CM in a metasediment (sample from the Cosmo Howley Paleoproterozoic orogenic Au deposit, Northern territories, Australia (Robert et al., 2016) . One CM type was of high metamorphic grade or crystallinity and representative of the sedimentary matrix, whilst the other CM reflected a relatively high degree of disorder and seemed to be spatially associated with sulfide veins throughout the sediment. The Raman inferred temperatures for these two CM's were ∼400°C and ∼300°C, respectively (Robert et al., 2016) , both substantially lower than fluid inclusion and mineralogically inferred temperatures of > 550°C (Matthäi et al., 1995a) . Depositional temperatures in excess of 550°C would be consistent with the documented deformation, metamorphic and hydrothermal fluid characteristics of this deposit (Bajwah, 1994; Ewers et al., 1985; Matthäi et al., 1995a,b; Matthäi and Henley, 1996; Needham et al., 1988; Partington and McNaughton, 1997) . The relatively lower temperatures implied by the Raman analysis suggests these data must be subject to other influences besides thermal maturation.
We also previously detected hydrocarbon products from sample CO-24, which with 20% TOC was the most organic rich of all sampled cores, by combining the novel approaches of catalytic Hydropyrolysis (HyPy), sequential demineralisation and high resolution in situ microscopy (Robert et al., 2016) . Specific mineral-organic interactions were identified by the detection of different polycyclic aromatic hydrocarbons (PAHs) and alkanes from the HyPy treatment of OM liberated by the successive removal of different mineral constituents (i.e., suggesting different OM/CM types adsorbed to different mineral assemblages; Robert et al., 2016) . Furthermore, the concentrations of the dominant PAH products increased with each demineralisation step, indicating a generally strong affinity for mineral substances. This inorganic interaction potentially protected their structural precursors from thermally promoted reactions, and consequently mute hydrocarbon maturity indicators. The major HyPy released hydrocarbon products were 2-7 ring aromatics, which was consistent with the predominantly aromatic based structure interpreted by Raman characterisation.
The occurrence of two different types of CM at Cosmo Howley has possible implications on the timing of the Au-mineralisation and the participation of a specific CM type in ore formation processes. To more thoroughly evaluate the micro-scale distribution and inorganic relationship of CM types in CO-24 we have conducted many additional LR analysis across a hydrothermal vein rich transect of the sediment. The CM characterisation was further complemented by advanced imaging techniques including high-resolution transmission Electron Microscopy (HRTEM), high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and electron energy loss spectroscopy (EELS). The δ
C values of the most abundant PAHs and selected aliphatic products released by HyPy treatment of the parent and three demineralised kerogen fractions of CO-24 were also measured here to further investigate the origin and potential indigeneity of these hydrocarbons.
Methods

Sample information
All analyses were conducted on a sedimentary sample (CO-24) from Cosmo Howley, Northern Territory Australia. CO-24 represents a high TOC (∼20 wt%) section of a core taken from a drill-hole situated at the apex of the anticline at the boundary of the carbonaceous-rich Koolpin Formation and the Au mineralised units (Fig. 1) where maximum hydrothermal fluid flow occurred. This mineralisation boundary was exposed to peak metamorphic temperature of > 550°C based on mineralogy and fluid inclusion data (Matthäi et al., 1995a) . There have been several detailed accounts of the geology and stratigraphy of the Cosmo Howley Au deposit (Matthäi et al., 1995a,b; Matthäi and Henley, 1996; Partington and McNaughton, 1997; Robert et al., 2016) .
Raman spectroscopy
Sample preparation and analysis
Mechanically polished thin sections of CO-24 ( Fig. 2A and B) were prepared for detailed in situ LR spectroscopic analysis. We also conducted a LR characterisation of demineralised kerogen fraction (DMK-3) of CO-24 before and after HyPy processing to establish any changes in the isolated kerogen fraction. DMK-3 isolation was detailed in Robert et al., 2016 . Powdered DMK-3 was smeared onto a clean glass slide for Raman measurements. The LR measurements conducted on DMK-3 preand post-HyPy treatment helped evaluate the potential influence of the HyPy treatment and related sample preparation on the LR analysis of kerogen samples, and helped interpret the in situ LR analysis of CO-24.
The laser Raman spectra were acquired on a Horiba® LabRAM HR Evolution instrument using a 600 g/mm grating, a Synapse visible detector and 532 nm incident radiation produced by a Torus 100 mW diode laser (Laser Quantum). To avoid polarisation interference of the Raman signals, the laser beam was depolarised using a quarter wave plate aimed perpendicular to the surface of the thin section and focused using a 100 × objective with a numeric aperture of 0.90. Acquisition time was 10 s and there were 3 accumulations. The laser power was reduced to 0.3 mW using filters to avoid damage to the sample surface. The data were collected in the maximum 250-3500 cm −1 range to capture both first (1100-1800 cm
) and second (2500-3100 cm −1 ) order Raman bands of carbon and associated minerals.
A Gaussian-Lorentzian curve-fitting procedure was applied to the LR spectra to help resolve peaks as described by Kouketsu et al. (2014) using MagicPlot V2.5.1 software (Magicplot Systems LLC, Saint Petersburg, Russia). Individual CM Raman spectra were background corrected by subtracting a spline baseline. The area (A), height/intensity (I), centre shift position (X) and full width at half maximum (FWHM) were calculated for all Raman spectral peaks.
The CM was initially measured under transparent minerals such as mica and quartz to avoid artificially induced disordered C signals (Beyssac et al., 2003) . With this approach, however, the CM close to mica often gave highly varying intensities of first order Raman bands (i.e., D1 and G peaks). Thus, the Raman spectroscopy of CM was systematically measured irrespective of its position or affinity to any mineral. Furthermore, several control Raman spectra of predominant minerals (e.g., pyrite, quartz, mica) in proximity to the CM were measured to assess the potential mixing of signals from multiple CM types and the influence of mineral content of the sediment on the Raman spectra.
A total of 125 laser Raman analyses were conducted on 11 separate zones (Z1-Z11; Fig. 3 ) of CO-24 reflecting different mineral assemblages. The mineral assemblages and related element relationships were identified from Combined Back Scatter (CBS) SEM and EDS maps (Fig. 3B , A-a-l) on regions I) sediment matrix; II) boundary between I and III; III) sulfide vein rich region. The 11 separate zones (Z1-Z11) on which detailed LR analyses were conducted to measure distribution and occurrence of associated major mineralogical phases are shown in Fig. 3B and C. Higher resolution analyses were performed on zones (e.g., Zone 7) where larger ranges of Raman signal reflected greater CM variance.
2.2.2. The Raman spectra of PAHs and aromatic rich carbon materials 2.2.3.1. PAHs. Raman analysis of CM represents a measure of the interaction of functional group atoms and can distinguish the structural variances of different samples. Fig. 4A and B shows the Raman spectra of different aromatic compounds of varying size and molecular orientation. Distinctive Raman features of benzene (C 6 H 6 ; Fig. 4A-i ), compared to its saturated equivalent cyclohexane (C 6 H 12 ; Fig. 4A -ii), include (i) no CH 2 vibrational frequencies (present in cyclohexane); (ii) CeC stretching at a relatively high frequency; and (iii) the occurrence of C]CeC]C and C]C stretch of E2g symmetry near 1600 cm −1 (Fig. 5A right) (Ferrari and Robertson, 2000; Mayo et al., 2004; Shimanouchi, 1973) . The latter conjugated signals represents the G band common to the Raman spectra of naturally occurring CMs which are absent in cyclohexane.
In the case of larger polycyclic aromatic compounds such as coronene (C 24 H 12 ; Fig. 4A -iii) and hexabenzocoronene (HBC; C 42 H 18 ; Fig. 4A -iv) another series of Raman spectral bands becomes activated in the ∼1200-1400 cm −1 region (D band modes; orange shaded region; Fig. 4A and B). This is mainly due to the A1g symmetry breathing modes of C in the aromatic ring structure (Fig. 5A left) and corresponds to the D1 band common to the Raman spectra of disordered CMs. Other peaks in this section may be a result of the ring breathing (A1g) in combination with the in-plane bending of the CeH or CeC stretching at the edge of the molecules (Maghsoumi et al., 2016) . The ∼235 cm −1 peak in HBC is also a breathing mode of A1g symmetry from within the aromatic core (see structure of HBC in Fig. 4A-iv Fig. 4B ) the peaks in the D band region are mainly determined by the CeC stretching contributions at the edge of the molecule (Castiglioni et al., 2001a,b) . Hence, the variations in the D region peaks are due to the variance in the edge phonon eigenvectors (at K point; see A. Mirasol-Robert et al. Precambrian Research 299 (2017) (Ferrari and Basko, 2013; Yan and Barron, 2010) . Thus, a prominent G peak (∼1583 cm −1 ) is observed due to the doubly degenerate iTO and iLO phonon modes (equivalent to C]C bond stretching of PAHs; G band; Fig. 5C ;) of E2g symmetry sp 2 hybridized carbons at Γ points (central axis Γ shown in Fig. 5B ) (Tuinstra and Koenig, 1970) . The D modes (i.e., D1 peak) are breathing modes of A1g symmetry involving phonons near the K zone boundary (Fig. 5C right; outward pointing red arrows) and are inactive in the absence of structural edges (Ferrari, 2007) . The D modes are also sensitive to "defects" or breaks in the symmetry of an infinite carbon honeycomb lattice such as may occur in defective graphene (Fig. 4C-v) , amorphous carbons (e.g., black carbon; Fig. 4C -vi) and other synthetic or naturally occurring graphitic CM (Eckmann et al., 2012) . Structural defects may occur at (1) grain boundaries (similar to structural edges of graphite crystals); (2) vacancies (breaks within the aromatic network); or (3) due to a change of carbon-hybridization (e.g., sp 2 into sp 3 ) (Fig. 5D ) (Eckmann et al., 2012; Luo et al., 2012) . Similar to pristine graphene sheets, the Raman spectra obtained from the inner portion of a single graphite crystallite show no D1 peak ( Fig. 4C -iii) whereas a D1 peak was evident with analysis near the outer circumference of the crystal where A1g breathing modes are encountered ( Fig. 4C-iv ; Dresselhaus et al., 2010) . The Raman spectra were extracted from the regions shown in the confocal Raman image of the graphite crystallite in Fig. 4C -a for the G-band and Fig. 4C -b for the D-band (Dresselhaus et al., 2010) .
A 2D peak (at ∼2700 cm
) arises from a two phonon lattice vibrational process (Fig. 5C iTO at K, central pointing red arrows) unrelated to any structural defect (unlike the D1 peak; Ferrari and Basko, 2013) . Hence, graphene and graphite consistently give rise to a 2D peak, but not always the D1 peak ( Fig. 4C-i & ii) . The 2D Raman resonance is also sensitive to the number of layers (N) (Ferrari and Basko, 2013) , so will differ in shape/intensity for monolayer and multilayer sheets (high intensity and lower FWHM for 2D in monolayer; lower intensity and wider FWHM for multilayer graphene and graphite respectively; Fig. 4C 
2.2.3.3. Amorphous carbons. Amorphous carbon has no crystal structure and is often referred to as free reactive carbon. Purely amorphous carbon structures are possible, but most amorphous carbon materials include microscopic graphite (sp 2 bonding) or diamond (sp 3 ) structural moieties at crystallite sizes (L a ) < 2 nm (Pawlyta et al., 2015) . ) bands reflect a high degree of structural disorder.
The black carbon consists of agglomerated spherical particles (10-100 nm) with distinctive graphitic and amorphous-like moieties. The graphitic-like domains termed as ''basic structural units'' (BSU) typically consist of 3-4 turbostratically stacked carbon polyaromatic layers (BSU sketch; Fig. 4C -c) and the amorphous parts dominate the core and sometimes form a skin of the primary particles (Pawlyta et al., 2015) .
Additional disordered bands D2, D3 and D4 peaks can be resolved on peak deconvolution . D3 corresponds to the aromatic ring breathing mode (similar to D1 peak) and CeC stretching. The D4 peak is a measure of sp 2 -sp 3 bonds or vibrations from single and double bonded carbons (e.g., hydrocarbon or aliphatic moieties connected on BSUs) usually observed as a lower energy shoulder of the D1 peak (Bokobza et al., 2015; Pawlyta et al., 2015; Sadezky et al., 2005) .
Metamorphic CMs.
The CM Raman spectra of major forms of metamorphosed CM (e.g., coal, anthracite, semi graphite and graphite; Fig. 4D ) is strongly affected by the solid state formation conditions or recrystallisation of the carbonaceous phase. The structural transformation of organic compounds during catagenesis include the loss of hydrogen and heteroatoms and formation of an increasingly carbon rich residual (Fig. 4D , Table 1 ; Luque et al., 1998) . As metamorphism progresses the carbon atoms are progressively stacked into three-dimensional planar arrays of 6-fold rings/aromatics with progressively decreasing inter-planar distances (d 002 ) and the size of the ordered graphite domains (L a ) increases (Luque et al., 1998) . The end product is graphite (or semi-graphite). Coalification from peat through bituminous coals and anthracite to graphite is one such natural graphitisation process (Teichmüller, 1986) . Corresponding Raman data would show a decreasing D1 peak and an increasing G peak which has been numerically related to crystallite size via a variable scaling coefficient (C) as expressed below:
where λ is the excitation wavelength and L a > 2nm (Tuinstra and Koenig, 1970) .
HAADF-STEM, HRTEM and EELS
Thin foils were cut from Pt coated polished thick sections (equivalent to the polished thin sections used in Raman analysis; CO-24 billet 1; ; 12 EDS maps a-l show the mineral and related element relationships at different locations of the sample transect and were grouped per the following regions I) sediment matrix; II) boundary between I and III; III) sulfide vein rich region; abbreviations used: pyr-pyrite, apyarsenopyrite, cpy-chalcopyrite, qtz-quartz, cm-carbonaceous material; (B) The 11 separate zones (Z1-Z11) on which detailed LR analysis was conducted, together with drawing of major mineralogical phases of CO-24 sample; (C) distribution and occurrence of major mineral phases of CO-24 identified by EDS along the sample transect.
A. Mirasol-Robert et al. Precambrian Research 299 (2017) 319-338 Fig. 2A and C) using an FEI Helios Nanolab dual beam focused ion beam scanning electron microscope (FIB-SEM). The corresponding cut off side of CO-24 thin section 1 (i.e., CO-24 billet 1) was used for FIB-SEM to avoid the surface damage from the FIB on CO-24 thin section 1, which was simultaneously analysed by Raman spectroscopy. The thin foils were Pt welded to Cu grids and polished further to achieve required thickness for subsequent analysis by transmission electron microscopy (TEM) using FEI Titan G2 80-200 TEM/STEM with ChemiSTEM technology operating at 200 kV. HAADF-STEM images and EDS maps were collected from the TEM sample to provide a general overview of the structural and compositional heterogeneity of the sample and identify representative regions for HRTEM and EELS analysis. HRTEM images have been processed using Gatan Microscopy Suite Software. D-spacings have been measured using FFT (fast Fourier transform) patterns generated from HRTEM images.
Compound specific Isotopes analyses (CSIA)
Compound specific isotope analysis (CSIA) was conducted on the HyPy fractions of the parent (Kp) and demineralised (DMK1-3) kerogens available from our previous study (Robert et al., 2016) . The δ 13 C values of the major aromatic and selected aliphatic products were measured using a Thermo Scientific Trace gas chromatograph (GC) Ultra interfaced to a Thermo Scientific Delta V Advantage mass Modified from Kwiecinska and Petersen (2004) . ) of increasingly larger PAHs from coronene (i) to C 132 H 34 (vii). The detailed vibrational assignments for coronene and HBC are shown for individual peaks. The molecular structure of each PAHs based on the Clar rule are also shown. (C) Partial Raman spectra of artificially produced CMs: graphene (i-ii); graphite (iii-iv); defected graphene (v); and black carbon (vi). (D) Raman spectra of different naturally occurring graphitic carbon samples with varying metamorphic grades from meta-anthracite (i) to graphite (v). Notes: (A) Cyclohexane (i) and benzene (ii) standard Raman spectra redrawn from McCreery (n.d.) and Mayo et al. (2004) respectively; peak interpretations for both (i) and (ii) from Shimanouchi (1973) and Mayo et al. (2004) ; Coronene Raman spectra (iii) redrawn from Colangeli et al. (1992) and peak interpretations from Cyvin et al. (1982) , Colangeli et al. (1992) and Zhao et al. (2013) ; HBC Raman spectra (iv) redrawn from Maghsoumi et al. (2016) and peak interpretations from same source. (B) Partial raman spectra of coronene (i) and HBC (ii) modified from Colangeli et al. (1992) and Magsoumi et al. (2016) respectively; Large PAHs Raman spectra C 60 H 22 (iii), C 72 H 26 (iv), C 78 H 26 (v), C 96 H 30 (vi) and C 132 H 34 (vii) redrawn from Mapelli et al. (1999) , Castiglioni et al. (2001a) and Castiglioni et al. (2001b) (C) Mono (i) and multi-layer (ii) pristine graphene Raman spectra modified from Yan and Barron (2010) ; graphite crystallite Raman spectra of inner region (iii) and edge (iv) and confocal image of G band (a) and D-band (b) showing the analysed regions (red dot) modified from Dresselhaus et al. (2010) ; defected graphene (v) modified from Dresselhaus et al. (2010) ; Black carbon spectra (vi) and basic structural unit (BSU) sketch redrawn from Pawlyta et al. (2015) . (D) Naturally occurring graphitic CMs modified from Kwiecinska et al. (2010) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) A. Mirasol-Robert et al. Precambrian Research 299 (2017) 319-338 spectrometer via a GC isolink and a Conflo IV. The oxidation furnace consisted of a combustion interface (ceramic tube lined with NiO and filled with NiO and CuO), which was held at 1000°C, oxidising GC separated hydrocarbon analytes to CO 2 . The GC oven was held at 50°C for 1 min, increased to 310°C at 3°C/min, then held isothermally for 20 min. A J & W Scientific DB-5MS GC column (60 m length × 0.25 mm id × 0.25 μm film) was used with helium as the carrier gas at a constant flow rate of 1 mL/min. The δ 13 C value of individual compounds was determined by integrating the ion currents of mass 44, 45 and 46 and are reported in ‰ relative to the international Vienna Pee Dee Belemnite (VPDB) standard. Reported values are the average of at least triplicate measurements with standard deviations usually < 0.5‰. Instrument accuracy and precision was monitored on a daily basis using laboratory standards.
Total carbon and bulk δ 13 C
To monitor potential compositional and isotopic changes, the parent and all sequentially demineralised kerogen fractions were subjected to total carbon (TC wt%) and bulk δ 13 C (‰) analysis before and after their HyPy treatment. The TC was measured with a Thermo Flush 1112 elemental analyser (EA), using a thermal conductivity detector (TCD; Skrzypek et al., 2006) . The TC measurement of the parent kerogen and demineralised fractions includes inorganic carbon. The sequential demineralisation procedure (details in Robert et al., 2016) progressively removes carbonates, and just the HF treated DMK-3 fraction would equate to a traditional TOC measurement. Bulk δ 13 C was measured using a continuous flow system consisting of a Thermo Flush 1112 EA connected via a Conflo IV interface to a Delta VPlus mass spectrometer (Skrzypek, 2013) . All δ 13 Cvalues are given in per mil (‰, VPDB) according to delta notation with standard deviation accuracy of 0.10‰.
Results
Laser Raman analysis of CO-24
A sedimentary transect perpendicular to the sulfide veins (Figs. 2B; 3) was selected for detailed Raman analysis. A combined back scatter (CBS) map of the transect is shown in Fig. 3A . Multiple LR analyses were separately conducted on 11 zones (Z1-Z11; Fig. 3B ) representative of the main mineralogical and structural phases evident in the sample. Z1-Z3 were located in the sedimentary matrix; Z4-Z6 were regions of high Na/Fe-mica abundances; Z7-Z9 were within or proximal to the sulfide veins bordered by mica; Z10 was located within the hydrothermal quartz vein; and Z11 was within an arsenopyrite grain proximal to the hydrothermal quartz vein. Twelve EDS maps (a-l; Fig. 3 ) taken at different locations across the sample transect were also acquired to reflect the distribution of the CM and associated minerals (Fig. 3C) .
Raman characteristics
The CM LR spectra consistently showed a number or resolvable bands in two wavelength regimes: 1) the 1000-1800 cm −1 region comprised the first-order discriminative bands G, D1 (D), D2 (D'), D3, and D4; and 2) the 2500-3100 cm −1 region had the second-order bands Precambrian Research 299 (2017) 319-338 D + D', 2D, D + G, and 2D' that are overtones of the first order bands (Fig. 6 ) (Beyssac et al., 2002; Bokobza et al., 2013; Wopenka and Pasteris, 1993) . The vibration mode characteristics and associated carbon structures of the different CM Raman bands detailed here are summarised in Table 2 . The expanded spectra including the 1st and 2nd order Raman spectral regions of two end member CM's (Fig. 6) show major differences: (A) CM example a from Z2 (Figs. 6A, 7a) show a Raman spectra with bands indicative of a high degree of three-dimensional ordering at 1587 and 2700 cm −1 (prominent G and 2D bands, respectively) and to some extent a degree of disorder with the presence of D1 at 1353 cm
and D2 at 1627 cm −1 . 2D at 2700 cm −1 which is an overtone of the D1 band appears as a partially superimposed doublet that can be resolved into 2 bands (Bokobza et al., 2015 (Bokobza et al., , 2013 . Other peaks in the second order region include a D + G (2950 cm ) and D4 (assigned at 1245 cm −1 ) are also present and only the 2D and D + G bands were observed in the second order region with very low peak intensity. Whilst the second-order peaks are well-defined for some of the CMs in CO-24 (e.g., Fig. 7a ), other CM indicative of highly disordered CMs showed only small modulated bumps between 2300 and 3200 cm -1 (e.g., Fig. 7e ). Other intermediate CM signals with strong variations in the first order bands were consistently detected, such as examples b -d shown in Fig. 7 . Raman peaks can be assessed using respective intensity (I) ratio -R1 or area (A) ratio -R2 of the D and G peaks. The formula for R1 and R2 ratios (after Rahl et al., 2005) are given as follows:
where I D1 and I G are the peak intensity of the D1 and G band; A D1 , A G and A D2 are the peak areas of the D1, G and D2 bands respectively. The profiles of different D and G band based LR parameters (i.e., R1, R2, FWHM) across the 11 zones analysed are shown in Fig. 8 and detailed in Table 3A . The sedimentary matrix (Z1-Z6) showed quite consistent Raman signals. However, more variable LR data were obtained in the vein rich regions (Z7-Z11), with Z7 showing the most variability. This large data range reflects different types of carbon structures or CM types. A consistently prominent D band (I D1 > I G ) translated to quite high and wide ranging values of R1 (1.5-8) and R2 (0.5-0.8). Some analyses showed G band broadening (i.e., > G FWHM ), which may be due to greater bond disorder, a clustering of aromatic units (Fig. 5E ) or the presence of straight chain compounds (Ferrari and Robertson, 2000) .
An R2 vs. R1 plot of the Raman data is shown in Fig. 9A and their spatial distribution across the thin section transect in Fig. 9B . The R2 vs. R1 data profile suggests a progression of CM types from a highly disordered CM to highly crystalline graphite (Fig. 9A ) based on the scheme outlined by Kouketsu et al. (2014) . Characteristics of each of the CM groups were: (i) Group 1 (Fig. 6a and b) -prominent G peak, indicative of well-crystallised graphite; clearly recognizable D1 and D2 peaks and R1 < 0.5; no D3 and D4 bands; (ii) Group 2 ( Fig. 6c and d) -0.5 ≥ R1 < 1.5; distinguishable D3 or D4 bands; and (iii) Group 3 (Fig. 6e) -an unusually intense D1 band, presence of D3 or D4 bands typical of amorphous C; (R1 ≥ 1.5). Fig. 9B shows the spatial distribution of the CM groups and their different mineralogical and ; (C) metamorphic grade of the selected CMs based on metamorphic sequence identification procedure by Kouketsu et al. (2014) ; (D) CM type assigned from this study.
A. Mirasol-Robert et al. Precambrian Research 299 (2017) 319-338 structural affinities. CM Groups 1 (blue data points) and 2 (grey data points) were detected ubiquitously across the transect (Z1-Z11). Group 2 was notably more abundant in the zones corresponding to the sulfide veins (Z7-Z11), which is also where all the Group 3 CM (orange data points) were detected. Group 3 signals were constrained also within sulfide minerals such as pyrite and arsenopyrite and found along intermineral boundaries.
Raman spectral comparison of pre-and post-HyPy DMK-3
The HyPy treatment of DMK-3 led to lower R1 and R2. Pre-HyPy R1 = 0.36 and R2 = 0.40 whereas post-HyPy R1 = 0.30 and R2 = 0.36 (Table 3B) , consistent with the successful HyPy isolation of the graphite like black C fraction of sedimentary CM as previously demonstrated by others (Ascough et al., 2009 ). The D2 FWHM also observed to decrease significantly from a pre-HyPy average value of 22 compared to post-HyPy average value of 16. This decrease may be signifying the HyPy release of PAHs present at the edges of the graphite moieties.
Nanoscale CM characterisation -EELS, STEM and HRTEM
The nano-structural analysis of CO-24 identified only two distinct CM types: (1) a highly graphitic, crystalline CM (Fig. 10B-1 ) with inter-C layer spacing values (d 002 ) of ∼3.350 Å (Fig. 11B-1 & 2) ; and (2) a highly disordered, amorphous CM rich in PAHs (Figs. 10B-2, 11B-3) .
The EELS spectrum image from the TEM analysed sample is shown in Fig. 10A . This sample was taken from the equivalent region between Z6 and Z7 (Fig. 2) representing the sedimentary matrix and sulfide veins boundary. Spectra indicative of the (1) highly graphitic and (2) highly disordered amorphous carbon signals are shown in Fig. 10B . These CM were assigned based on nano-scale characteristics and the spectra of standard C allotropes reported by Garvie et al. (1994) that are reproduced in Fig. 10C for comparison. They were the only two types of CM detected and were each distributed broadly throughout the sample analysed. The HAADF-STEM image of the same sample is shown in Fig. 11A along with extracted EDS from three morphologically distinctive parts (a, b, c) showing elemental composition. These correspond to (a) white regions consisting of Fe/Mg-rich mica with negligible carbon; (b) dark nodules within the mica, which contains mixed mica and carbon signals, and also relatively low Si and O signals from the micaceous background; and (c) grey areas, which are pure carbon.
The HRTEM image of the black rectangular zone in Fig. 11A is shown in Fig. 11B . Here, the grey C areas of the STEM image are revealed to comprise relatively symmetrical carbon structures. C-atomic planes with a striking pseudo-parallel (graphite like) arrangement are clearly visible in the zoomed areas 1 and 2. The Fast Fourier Transform (FFT) patterns of the 1 and 2 areas indicate a high degree of (graphitic) crystallinity and inter-layer spacing values (d 002 ) of 3.350 Å and 3.346 Å, respectively (Fig. 11B-1 & 2) .
The small specks of C ubiquitous within the mica regions show a very different structural morphology (zoomed area 3). Their HRTEM Fig. 8 . Value range of D and G band parameters (e.g., FWHM, intensity ratio -R1, area ratio -R2), across analysed zones by Raman spectroscopy. Coloured solid rectangles show the range of values covering the minimum and maximum values of measurements, solid black squares are the average values of measurements; the standard deviation of values are also shown.
A. Mirasol-Robert et al. Precambrian Research 299 (2017) [319] [320] [321] [322] [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] image reveals a highly-disordered amorphous structure (Figs. 10B-2, 11B-3). The surrounding micaceous host had highly-disordered C with an inter-layer spacing (d 002 ) of 0.24 Å, that is much smaller than graphite. The contact zones of the graphitic C and mica (Fig. 11B , indicated by black arrows) also show a concentration of highly disordered CM similar to those found in the C nodules.
3.3. Stable carbon isotope analysis of kerogen samples 3.3.1. Parent and demineralised kerogens -Bulk and compounds specific δ
13
C data The δ 13 C values of bulk kerogens measured by elemental analysis isotope ratio mass spectrometry (EA-irMS) and the most abundant HyPy products of the parent (Kp) and demineralised kerogen (DMK-1-3) fractions measured by GC-irMS are given in Table 4 . δ 13 C values of pyrene, di-and tetrahydropyrene and some larger PAHs (e.g., tetracosahydrocoronene and coronene) were measured for most samples. The δ 13 C profile of the parent and hydrogenated pyrenes in relation to their HyPy concentrations following sequential demineralisation is shown in Fig. 12 . The pyrene released by HyPy treatment of the native kerogen (Kp) had a 13 C value −17.3‰. With each demineralisation step pyrene became progressively depleted in δ 13 C with values of −19.9‰, −23.0‰ and −31.2‰ from DMK1-3, respectively. The hydrogenated pyrenes were slightly more depleted than pyrene (Δ 13 C Py2HPy = 0.6-1.3‰; and Δ 13 C Py-4HPy ∼ 2‰ except for DMK-3 where it was −0.8‰), but showed a similar trend of greater 13 C depletion with demineralisation. A catalytic effect from the high pyrite content of the sediments may contribute to the lighter δ
C values of the hydrogenated pyrenes. A similar 13 C depletion with demineralisation was reflected by the hydrogenated products of other PAHs (e.g., coronene), and we previously observed a similar trend where hydrogenated products of pure PAH standards treated by HyPy had lighter δ 13 C values than the parent aromatic (Grotheer et al., 2015) . The δ
C values of nalkanes released on HyPy treatment of the demineralised kerogens (DMK1-3) were −27 to −28‰ (Table 4) . No alkanes were detected from Kp.
Bulk δ
13
C of kerogens -pre-and post-HyPy The δ 13 C value of the parent kerogen (Kp) was −6.7‰, indicative of a mixed organic carbon and carbonate signal. Coexisting carbonate veins had δ 13 C values near 0.6‰ whilst the demineralised kerogens (DMK-1 to -3) were consistently measured to be −27‰ typical of organic biopolymeric material. Following HyPy treatment the parent and demineralised kerogen all had δ 13 C values of −27.6‰. DMK-2 gave the largest HyPy product yields as reflected by the concentration profiles of pyrene products from the demineralised kerogens (Fig. 12) .
Discussions
CM types in CO-24 -Raman based vs. Nanoscale interpretation and its source
Variances in the first order bands have traditionally been used to distinguish different CM types (e.g., Wopenka and Pasteris, 1993; Cuesta et al., 1994; Beyssac et al., 2002 Beyssac et al., , 2003 Rahl et al., 2005; Sadezky et al., 2005; Kouketsu et al., 2014) , and here imply a range of different CM types in CO-24 (Fig. 7) that can be correlated to metamorphic grades. Kouketsu et al. (2014) proposed a Raman based classification scheme to characterise CM of different metamorphic grades comparable to those reported by Beyssac et al. (2002) and Rahl et al. (2005) . The application of this organised scheme to the Raman data of CO-24 suggests the occurrence of three CM groups and their equivalent metamorphic grades:
Group 1 -High grade CM (Fig. 6a and b) : R1 < 0.5; prominent G peak, indicative of well-crystallised graphite; clearly recognizable D1 Table 3 Detailed laser Raman parameters (i.e., position, A. Mirasol-Robert et al. Precambrian Research 299 (2017) [319] [320] [321] [322] [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] and D2 peaks and; no D3 and D4 bands. Group 2 -Medium grade CM ( Fig. 6c and d) : 0.5 ≥ R1 < 1.5; D and G bands of generally similar intensity; distinguishable D3 and/or D4 bands.
Group 3 -Low grade CM (Fig. 6e) : R1 ≥ 1.5; an unusually intense D1 band, presence of D3 and/or D4 bands typical of amorphous C.
These 3 groups are well resolved by the R2 vs. R1 plot of the Raman data shown in Fig. 9A and their spatial distribution across the thin section transect is shown in Fig. 9B . Following the scheme outlined by Kouketsu et al. (2014) . This data suggests a progression of CM types from a low to high metamorphic grade. However, the co-occurrence of such a localised variety of CM types (i.e., within a 20 mm transect) would seem surprising given the high regional stresses and contact metamorphism of the orogenic Au deposit. In contrast to the Raman analysis suggesting CM types of highly varying metamorphic grade in CO-24, the micro-imaging techniques morphologically distinguish only 2 types of CM which we refer to as:
CM ker -corresponding to a highly graphitic, crystalline CM ( Fig. 10B-1 ) with inter-C layer spacing values (d 002 ) of ∼3.350 Å (Fig. 11B-1 & 2) , which represents regional kerogen subjected to syngenetic graphitisation (discussed in detail in 4.1.1).
CM fd -equivalent to highly disordered, amorphous CM (Figs. 10B-2, 11B-3) rich in PAHs, which we attribute to a hydrothermal fluid deposited (FD) source (discussed in detail in 4.1.2).
These CMs may have derived from similar sources and formed by different geological processes. The spatial distribution of CM ker and CM fd through the sediment may be responsible for the variations evident in the Raman analysis. Fig. 9. (A) Laser Raman R1 vs. R2 distribution of CM. The measured values follow a logarithmic trend with metamorphic groups assigned based on value ranges suggested by Beyssac et al. (2003) and application of the metamorphic scheme proposed by Kouketsu et al. (2014) : Group 1 (blue circles; R1 < 0.5; R2 < 0.45) had values indicative of a high metamorphic grade CM, Group 2 (grey circles; 0.5 ≥ R1 < 1.5; 0.45 ≥ R2 < 0.6) were indicative of a medium/transitional metamorphic grade CM; and Group 3 (orange circles; R1 ≥ 1.5; R2 ≥ 0.6) fitted a low metamorphic grade CM; (B) The spatial representation of the three groups defined in A across the transect zones. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
A. Mirasol-Robert et al. Precambrian Research 299 (2017) 319-338 4.1.1. Metamorphic transformation of syndepositional OM into kerogen (CM ker ) CM ker was the most prevalent morphology detected in CO-24 by nano-imaging and likely represents regional kerogen subjected to syngenetic graphitisation caused by the extreme metamorphic conditions. Inter-planar distances measurable by HRTEM provide the only reliable distinction between CM at different stages of graphitisation (Table 1 ; Kwiecinska and Petersen, 2004) . The d 002 of pure graphite = 3.35 Å and its L a is at least 10 2 -10 3 Å. Much of the highly-ordered CM observed in CO-24 reflects such crystallinity. The d 002 values of the two highly ordered CM regions evident in Fig. 11 have d 002 values of 3.350 Å and 3.346 Å respectively. These C-structures are typical of syngenetic kerogen exposed to high (regional and contact) metamorphic conditions. The metamorphic conditions of the Koolpin Formation (host for the Cosmo Howley deposit) arose from complex and multiple deformation events before and following the intrusion of the Cullen Batholith (1835-1825 MYA) (Ewers et al., 1985; Needham et al., 1988; Bajwah, 1994; Matthäi et al., 1995a; Matthäi and Henley, 1996; Partington and McNaughton, 1997) . These events could have influenced the transformation of the in situ kerogen to the presently observed highly graphitic CM ker . Kerogen usually has the form of finely dispersed particulate organic matter in sedimentary rocks, with a 'random (geo)polymer-like' macromolecular structure that is relatively immobile following deposition (Mossman, 1999) . This immobility would have exposed it to the regional geological events of the Cosmo Howley deposit.
The CM ker in CO-24 likely corresponds to the Raman CM Group 1, which were essentially ubiquitous across the transect gradient analysed (blue points in Fig. 9 ). CM ker is likely organic in nature, given the black (or graphitic) C isolates from the HyPy treatments of the parent and demineralised kerogens consistently had δ 13 C values of −27.6 ‰. This value is consistent with the predominantly microbial (i.e., algae, bacteria) sources of OM during the Paleoproterozoic. Fig. 10. (A) EELS spectrum image of a selected area from the TEM section taken from the sedimentary matrix; rectangular region upper left of the image shows the TEM section with the selected area (white rectangle) highlighted; (B) EELS spectra of (1) graphitic CM and (2) amorphous (highly disordered) carbon signal, respectively; the EELS extracted (black rectangle) regions (1) and (2) are shown in (A); (C) C K edge from minerals (EELS) containing three allotropes of C (diamond, graphite and amorphous C) and common C anion (calcite, siderite) (modified from Garvie et al., 1994) .
A. Mirasol-Robert et al. Precambrian Research 299 (2017) 319-338 4.1.2. Hydrothermal fluid deposited PAHs rich OM -CM fd Highly disordered amorphous carbons (i.e., CM fd ) were additionally detected by the nanoscale imaging of CO-24 sample -The primary BSUs components (molecularly defined graphitic clusters) of these amorphous carbons are made up of turbostacked PAH units that are also present in defective CMs (Castiglioni et al., 2001b) . Thus, the elevated intensity of the D1 peak signal from amorphous carbons mainly represents the concentration of 6-fold rings (i.e., aromatics) in the laser excited region (Ferrari and Robertson, 2000) .
As discussed in Section 4.1, the D band is activated only within a small region of the crystal (i.e., the edge of the molecular structure or in defected regions). In contrast to the continuous aromatic sheets of graphite or graphene, the BSUs of amorphous carbons includes PAH clusters of small crystallite size (L a < 2 nm) and depending on the quantity of BSUs present, may contain a higher proportion of the structural edges and defects and consequently a high intensity D1 peak (Nb., the max size of BSUs is 3 × 3 × 2 nm, so possibly hundreds of BSUs could occur within the Raman laser spot region of 300 nm; for a perfect graphite crystal of 1 μm, the Raman laser spot may be focused on the central part of the crystal without any interference from the structural edge). Therefore, a D1 peak develops with the increased concentration of BSU containing PAHs (Casiraghi et al., 2005; Ferrari and Robertson, 2000) in the laser irradiated/analysed zone and is expressed by the proportionality:
where M is the number of 6-fold rings/aromatics (Ferrari and Robertson, 2000) . Hence, the intense D1 peak observed for Group 3 CMs identified by Raman analysis (R1 ≥ 1.5, orange data points, Fig. 9A & B) is representative of the relatively high abundance of PAH structural moieties of CM fd . Furthermore, this suggests that the PAHs released in relatively high abundances by HyPy treatment derive from the amorphous CM fd . Conversely, the HyPy residual fraction most likely equates to CM ker which Raman analysis showed has a graphitic like structure.
The D3 and D4 peaks observed in Group 3 CM (Fig. 7e) are common to the Raman spectra of amorphous or defective carbons (e.g., black carbon, soot and coal; Fig. 4C-vi) . These peaks and equivalent alkane vibrational modes within this Raman region (i.e., CH 3 /CH 2 deform at A. Mirasol-Robert et al. Precambrian Research 299 (2017) 319-338 1245 cm −1 and CeC aliphatic stretch at 1485 cm −1 ; Socrates, 2004) and may relate to n-alkane products also released by HyPy treatment of kerogen from CO-24 sediment (Robert et al., 2016) . Amorphisation involves the destruction of the graphitic sheets to produce amorphous carbons. The G peak, which is related to the relative motion (bond stretching) of sp 2 pairs, was assumed to remain relatively constant with increasing amorphisation (Ferrari and Basko, 2013; Ferrari and Robertson, 2000) . However, amorphisation can cause a notable dispersion in the G peak (Fig. 5E ) and this may be linked to the exceptionally high variance of observed G FWHM values across zones Z7-Z11 ( Fig. 8 ; Table 3 ). The HyPy released PAHs products showed a pronounced trend of increasing depletion in δ 13 C with each demineralisation step. For instance, the δ 13 C value of pyrene were −17.3‰ (for Kp), −19.9‰ (DMK-1), −23.0‰ (DMK-2) and −31.2‰ (DMK-3). HyPy based isotopic studies conducted on functionalised organic compounds from extant or immature sources identified negligible δ 13 C fractionation from the HyPy procedure (Sephton et al., 2005a,b) . These trends therefore suggest that the PAHs products derive from two (or more) isotopically distinct sources: a heavy source with δ 13 C ≥ −17.3‰ and a lighter source with δ 13 C ≤ −31.2‰ based on the respective end member isotopic values. It is also important to note that each fraction may already be a mixture of the different CM fd pools. The lighter source has a stronger mineral affinity (i.e. released in increasing concentration with progressive demineralisation) suggesting a potential connection to CM fd that LR showed was concentrated in the sulfide mineral rich zones (Z7-Z11). Different PAHs within CM fd may have a varied mineral affinity. The sorption behaviour of PAHs onto mineral surfaces were conducted experimentally by Müller et al. (2007) and found that minerals contribute crucially to the retention PAHs in subsurface environment. Alternatively, the demineralisation procedures conducted in this study, similar to the extraction efficiency experiments conducted by Holman et al. (2012) may have contributed to a geochromatography effectwhere lighter 12 C come out after 13 C. The strong connection of CM fd to this lighter 13 C source and affinity to sulfide rich zone suggests that it may serve as a more specific CM indicator of Au deposits. The post-HyPy residue of the parent and demineralised kerogens all had δ 13 C values of −27.6 ( ± 0.1)‰ suggesting the efficient HyPy isolation of an organic residue that other research has shown to represent the black-C fraction of organic sediments (Ascough et al., 2009) . The high temperatures applied during HyPy treatment efficiently releases carbonates which will contribute to the ∼3.5 TC wt% decline measured in the kerogen fractions following HyPy treatment (Table 4 ). The lower % TC wt. of DMK-2 and DMK-3 (Cf. Kp) was also attributed to the loss of the HyPy released aromatic and aliphatic hydrocarbons and potentially large proportions of non-detectable gases (e.g., CH 4 and CO 2 ). The CM fd in CO-24 may have derived (1) in situ from amorphisation of emplaced CM ker or (2) been introduced from zones exogenous to the deposit/formation of the CM bearing Koolpin Formation. The highlydisordered nature of CM fd could indicate that it was formed due to postmineralisation retrogression at very low temperatures, however the paragenetic relationship of CM fd to the sulfide minerals suggests otherwise. CM fd occurred as inclusions within the Au-bearing pyrites and arsenopyrites (i.e., SEM image Fig. 13A right) suggesting coeval deposition of CM fd and the host mineral. Alternatively, PAH-rich OM may have been mobilised by the magmatic fluids associated with the emplacement of the Cullen Batholith or the contact metamorphic fluids associated with later structural reactivation and fluid flow. The multiple phases of granitic intrusion (fluids, heat) and deformation events caused the circulation of mineralised Au-bearing hydrothermal solutions (Partington and McNaughton, 1997) . Regardless of the source, it is certain that CM fd was formed by fluid driven reactions -metasomatic process that post-dates the CM ker formation from large scale regional metamorphic events in Cosmo Howley.
Similar LR characteristics to CM fd have been reported for previous LR analysis of several unusual types of CM. The R1 values measured by LR analysis of kerogens graphitised by regional metamorphism were reported to decrease (Jehlička et al., 2003) to the low values we have measured for CM ker . Solid bitumens produced by high temperature metamorphism also showed limited structural or micro texture similar to the amorphous nature of CM fd . The R1 values of these solid bitumen were relatively constant (Jehlička et al., 2003) , but separate laboratory simulated maturation of amorphous solid bitumens did lead to a significant increase of R1 values from 0.7 to > 1.0 and a shift in the D band position from 1360 cm −1 to 1325 cm −1 (Zhou et al.(2014) similar to what we observed for CM Group 3 (R1 ≥ 1.5, orange data points, Fig. 9 ), which we have attributed to CM fd . Furthermore, the Raman spectra of CM fd (Figs. 6B, 7e ) has a characteristic shape similar to the Raman spectra of amorphous C formed from the experimental hydrothermal treatment of α-SiC crystals obtained by Kraft and Nickel (2000) . Inorganic-organic interaction similar to those that can occur in Au mineralising hydrothermal systems could be responsible for the formation of Raman distinct amorphous, PAH rich CM fd . The mid-range R1 and R2 values indicative of CM Group 2 (grey points, Fig. 9 ) was attributed to a mixed CM ker and CM fd signal and does reflect their varied distribution in CO-24 (e.g., CM fd concentrated along edges and mineral boundaries). The current Raman analysis were limited by the microscope optics (i.e., objective/aperture) to sample areas of < 1 µm. Examples of CO-24 regions with different representations of CM ker , CM fd and surrounding minerals, and the spectra we attribute to them are shown in Fig. 13 . A mixture of different CM types might also be responsible for CM-4, one of four CM types reported by Hu et al. (2015) in the Macraes Au deposit, that had similar magnitude R1 values to CM fd .
OM transformation in orogenic systems and its significance to Au mineralisation
The Cullen Batholith is a type-I, mantle derived, syn-to post-orogenic granitoid characterised as radiothermal with high concentrations of radioactive elements significantly above normal granites (Hollis and Wygralak, 2012) . The elevated regional temperatures and complex and multiple deformation events before and following the intrusion led to the in situ transformation of indigenous OM to highly ordered CM ker . The high structural order and compact nature of this graphitic CM would aid the physical or chemical scavenging of Au subsequently introduced by hydrothermal fluids.
Heat from the intrusions and a prolonged cooling history coupled with pre-existing duplex thrust-fold structures allowed regional-scale hydrothermal systems to channel fluids, both from granites and the surrounding rocks. Later reactivation of the deformation structures due to transitional stresses resulted in the earliest recorded Au mineralisation event (Ahmad et al., 2009; Ewers et al., 1985; Hollis and Wygralak, 2012; Needham et al., 1988) . Highly acidic hydrothermal fluids which transport Au and oxidizing hydrothermal fluids ideal for Au precipitation have been frequently detected in high temperature orogenic systems (Frimmel, 2005; Hodkiewicz et al., 2009; Pirajno and Bagas, 2008) and were a key element in the formation of gold deposits in the Pine Creek Orogen (Partington and McNaughton, 1997) . The localisation of the amorphous PAH-rich CM fd to the hydrothermal and sulfide vein regions would be consistent with a hydrothermal fluid origin also responsible the deposition of the sulfide minerals.
Once deposited, CM fd may be altered by further metamorphism (contact; hydrothermally influenced). As discussed in Section 4.2.2, thermal maturation of similar amorphous (PAHs rich) CMs led to a significant increase of R1 values and a shift in the D band position. These changes may be explained by the clustering of the PAH networks (BSUs -see Fig. 4C-c for structure) . Although, the clustering involved here is not equivalent to the growth of aromatic graphene sheets that would have resulted in lower D1 and higher G intensity. Instead an aggregation of BSUs or more intense PAH network within a zonal region resulted in an even more intensified D1 peak that in Raman structural terms is regarded as "more disordered C".
Gold can be deposited by either (i) transient rapid pressure drops; (ii) wall-rock interaction; or (iii) fluid mixing although this is unlikely for orogenic Au (McCuaig and Kerrich, 1998; Sibson et al., 1988) . Rapid pressure release (encompassing the boiling mechanism) is likely one of the predominant processes responsible for the deposition of Au and sulfides at Cosmo-Howley given the extensive veining in the deposit (Matthäi et al., 1995a; Matthäi et al., 1995b) . In the framework of a pressure drop, kinetic factors suggest hydrothermally dissolved organics would similarly precipitate. In the absence of shear stress and long exposures to regional metamorphism required to produce ordered CMs (i.e., graphite) the CM would precipitate in an amorphous form (i.e., CM fd ) and develop higher disorder at increased thermal conditions (Bonijoly et al., 1982; Luque et al., 1998) .
Implications of using CM Raman data as a geothermometer
The first order LR signals can be indicative of the degree of carbon crystallinity or structural order (Kwiecinska et al., 2010; Kwiecinska and Petersen, 2004; Luque et al., 1998; Wopenka and Pasteris, 1993) and several geothermometers have been proposed based on the relative intensities of the D1 and G peaks (Beyssac et al., 2002; Kouketsu et al., 2014; Rahl et al., 2005) . This geothermometer application, however, would only seem valid for metamorphically controlled systems. The temperature derivation methods have typically been calibrated for high temperature systems (> 200°C) and with only CM ker type of material, although quantifiable changes in laser Raman responses were recently reported in kerogens from an immature to mid-maturity sedimentary succession (Schito et al., 2017) . Maturity estimates might be compromised for instance if the Raman analyses included a significant contribution of amorphous C such as the CM fd detected in CO-24. The thermal transformation of amorphous, PAH rich CM fd , in hydrothermal/contact metamorphic systems would lead to an increased D1 peak, in direct contrast to the weakening of this signal with the metamorphic graphitisation of CM.
Geological temperatures of the three Raman data groups separately calculated with three different calibration equations (Beyssac et al., 2002; Rahl et al., 2005; Kouketsu et al., 2014) gave different temperature ranges (Fig. 14A ): i) ∼300-500°C using the equation proposed by Beyssac et al. (2002) ; ii) ∼350-500°C from the Rahl et al. (2005) equation with an exceptionally low ∼50°C near Z7 and high ∼550°C at Z11; and iii) a narrow range around 450°C across all zones (except < 300°C for Z11) by the Kouketsu et al. (2014) formulation. These temperature estimates were all lower than the actual metamorphic temperatures of 550°C measured by traditional methods (e.g., mineralogy, fluid inclusion).
Separate application of these geothermometer formulas to just CM ker or CM fd (Fig. 14B) identified their respective contribution to the temperature calculations. The highest temperatures within a range of ∼400-600°C were consistently obtained from CM ker . CM fd based calculations extended to much lower temperatures of 50-450°C, which significantly underestimated the thermal history of the deposit. Clearly, LR signals from just CM ker (blue data points, Fig. 9 ) are the most indicative of the true thermal history of the deposit. Intermediate temperatures could be implied from a mixed of CM fd and CM ker signal. The presence of CM fd significantly compromises the thermal evaluation of the deposit highlighting that proper identification and evaluation of CM types should be conducted before the application of any Raman based geothermometer formulas. Of course where advanced analytical approaches used here (i.e., nano-scale imaging) is not possible the geothermometer method from Kouketsu et al. (2014) may suffice for a general appraisal of carbon nature. A. Mirasol-Robert et al. Precambrian Research 299 (2017) 319-338 
Conclusions
The local lithological (mm) occurrence in a sediment core from the Cosmo Howley orogenic Au deposit of a metamorphic gradient from low to medium metamorphic grade CM (Fig. 7) suggested by the Raman data was inconsistent with the extreme thermal history (> 550°C) of the orogenic deposit.
Whereas laser Raman analysis suggested the sedimentary occurrence of a broad range of low to high metamorphic CM grades which were separated into three distinctive groups based on R1 values (intensity D1/G bands), higher resolution nano-imaging identified just two distinct CM morphologies: CM ker graphitised under regional metamorphic conditions; and amorphous PAH rich specks or nodules of CM fd . A third CM group implied by LR was attributed to a mixture of CM ker and CM fd , and served to demonstrate that the common practice of laser Raman based CM classification should be considered with some caution.
The co-integration of the combined high resolution in situ LR analysis, detailed microscopy, nanoscale imaging and hydropyrolysis of CO-24 indicated that CM fd was an amorphous PAH rich a hydrothermally deposited CM.
The metamorphic and hydrothermal history of the deposit gave rise to CM ker and CM fd with different structural behaviour that was reflected by the laser Raman data. Only the Raman data from CM ker should be used for a valid and reliable assessment of regional metamorphic conditions and geothermometer application, requiring CM ker to be analytically resolved from other CM types. δ
13
C of HyPy fractions of CO-24 sediments identified PAHs present which derive from at least two separate organic sources. HyPy treatment of kerogens released increasing abundance of PAHs from a relatively 13 C depleted source (≤−31.2‰) with aggressive demineralisation. The strong mineral affinity of this source suggests a potential link to the sulfide mineral rich zones where CM fd was concentrated. In this event the CM fd may serve as an indicator of Au-rich regions/deposits, although the exact relationship between Au and CM fd is yet to be established. A second heavier source of PAHs (i.e. parent kerogen (−16 to −20‰) and DMK-1 (−20 to −23‰)) suggests an alternative source or sub-fractions with different mineral affinities. The isolated black C residue following HyPy treatment of all kerogen fractions was representative CM ker . It consistently had δ 13 C values of ∼−27‰ that was also indicative of an organic source.
The laser Raman analysis (spatial resolution 0.3 µm)could not be conducted at the same nanoscale (atomic scale) as the HRTEM imaging techniques (< 1 nm) that allowed the distinct identification of CM fd and CM ker , nor could HyPy be conducted at the scale of the LR analysis, which showed different distributions of CM fd and CM ker , Despite the A. Mirasol-Robert et al. Precambrian Research 299 (2017) 319-338 different spatial resolution of these analytical techniques, they do contribute to a complimentary characterisation of CM, and should be used together in integrated studies where possible. We have identified a structurally distinctive and hydrothermally deposited form of organic matter (CM fd ) intimately associated paragenetically with Au and sulfides that should be a prioritised analytical target for further investigations of organic-inorganic interactions in mineral systems and the role of organic matter in mineralisation processes.
